1 To whom correspondence should be addressed cells in a large excess of normal cells. The detection of initiated Email: bettina.grasl-kraupp@univie.ac.at cells and their immediate successors has remained extremely To study growth regulation in the beginning of carcinogendifficult, since in most tissues no markers specific for initiated esis, we established a novel ex vivo model for co-cultivation cells are available. Therefore, little information exists on the of normal and putatively initiated hepatocytes. Rats molecular and biological characteristics of initiated cells with received the genotoxic hepatocarcinogen N-nitrosomorphofew exceptions, such as the recent discovery of putative line (NNM). This led to the appearance of hepatocytes gatekeeper genes for colon carcinogenesis and the occurrence expressing placental glutathione S-transferase (G ⍣ cells).
of small cell clusters with mutated p53 in UV-irradiated skin These cells exhibited elevated rates of cell replication and (3,4). However, in the majority of tissues the nature of initiation apoptosis, as known from further advanced preneoplasia; remains largely unknown. G ⍣ cells were considered initiated. At days 20-22 postRat liver offers a great advantage to study first events in NNM treatment their frequency was maximal (1-2%) ; carcinogenesis because early progeny of initiated cells havẽ 40% were still single and 60% were arranged in mini foci.
been known for several decades to be phenotypically altered At this time-point liver cells were isolated by collagenase foci (5); meanwhile their biological and molecular features perfusion and cultivated. G ⍣ cells, identified by immunohave been well characterized (6,7). A further important step staining of the culture-plates, were present at the same forward was the detection of the almost selective immunoreacpercentage as in vivo, excluding selective loss, enrichment or tivity of single, putatively initiated hepatocytes for placental spontaneous expression of the G ⍣ phenotype. In untreated glutathione S-transferase (GST; G ϩ cells) (8). We and others cultures G ⍣ hepatocytes showed significantly higher rates have found that a few days after treatment with various of replicative DNA synthesis than normal G -cells. Applicainitiating genotoxic carcinogens, such as N-nitrosomorpholine tion of the hepatomitogen cyproterone acetate (CPA) elev-(NNM) and other nitrosamines, aflatoxin B 1 or methylazoxyated DNA replication preferentially in G ⍣ cells.
methanol acetate, G ϩ single cells emerge, but not after applicaTransforming growth factor β1 (TGF-β1) suppressed reption of promoters and other non-genotoxic agents (8-11). The licative DNA synthesis which was more pronounced in G ⍣ number of cells increases with the dose of the initiator or than in G -hepatocytes. Combined treatment with CPA drops when metabolic activation to the ultimate carcinogen is and TGF-β1 had no effect on G -cells, but considerably inhibited (8, 10, 11). We observed a consecutive development inhibited DNA replication in G ⍣ cells. This suggests that of G ϩ single cells to G ϩ (mini) foci suggesting that the the effects of TGF-β1 predominated in G ⍣ hepatocytes.
expression of the G ϩ phenotype is persistent and heritable to We conclude that putatively initiated G ⍣ hepatocytes, both daughter cells (9). In addition, we found that without tumor in vivo and in culture, exhibit higher basal rates of DNA promotion~30% of G ϩ single cells and with tumor promotion replication than normal G -hepatocytes and an overeven more G ϩ single cells give rise to small preneoplasia response to mitogens and growth inhibitors. Therefore, G ⍣ consisting of at least 10 cells (B.Grasl-Kraupp, G.Luebeck, cells show (i) nearly identical behaviour in intact liver and A.Wagner, A.Löw-Baselli, M.de Gunst, T.Waldhör, S.Moolin primary culture and (ii) inherent defects in growth gavkar and R.Schulte-Hermann, manuscript in preparation). control that are principally similar although somewhat less Moreover, placental GST remains expressed in large foci and pronounced than in later stages of carcinogenesis. The present ex vivo system thus provides a novel and useful in hepatocellular adenomas and carcinomas, suggesting that tool to elucidate biological and molecular changes during this marker identifies all stages of carcinogenesis from the initiation of carcinogenesis.
putatively initiated single cell through to frank malignancy (12,13). In conclusion, a great proportion of G ϩ cells can be considered to be 'initiated' and to be capable of evolving into Introduction hepatic (pre)neoplasia. The number of these putatively initiated cells present in the liver may therefore be an important Initiation is one of the key events in carcinogenesis. 
initiation. Previous in vitro studies used (pre)neoplastic cells
Studies on primary hepatocyte cultures from later stages (24) (25) (26) (27) (28) . In most cases these studies concen-
Isolation of hepatocytes.
Rat liver cells were isolated by collagenase perfusion according to the technique of Seglen (30) with modifications as described by trated on cells expressing γ-glutamyltranspeptidase, a less Parzefall et al. (31) . In brief, animals were narcotized with a mixture of reliable marker that detects only parts of the G ϩ cell population isoflurane-dinitrogenoxide-oxygen at flow rates of 60 (3%)/1200/800 ml/min (13). The present paper describes a system that allows for carcinogenesis.
Media and buffers. Pre-perfusion buffer A contained per litre: 6.8 g NaCl, 0.4 g KCl, 2.2 g NaHCO 3 , 1 g glucose (all obtained from Merck), 1 g
Materials and methods
HEPES (USB, Cleveland, OH), 60 mg penicillin (170 µM; Biochrom, Berlin, Germany), 100 mg streptomycin (70 µM; Biochrom), 12.4 mg Heparin-Na Animals and treatment (Serva) in distilled water, pH 7.4. Collagenase buffer B: 680 mg NaCl, 40 mg KCl, 220 mg NaHCO 3 , 100 mg glucose, 100 mg HEPES, 6 mg penicillin, Male SPF Wistar rats,~3 weeks old, were obtained from the Forschungsinstitut für Versuchstierzucht und Versuchstierhaltung (Himberg, Austria). Animals 10 mg streptomycin, 30 mg CaCl 2 ·2H 2 O (Merck) and 20 mg collagenase type IV (Sigma, St Louis, MO) in 100 ml distilled water, pH 7.4. Buffers A and were kept under standardized conditions (macrolon cages, 20 Ϯ 3°C room temperature, 40-70% relative humidity; inverted light-dark cycle with lights B were used at 37°C and aerated by carbogen. Washing medium consisted of minimal essential medium (MEM; Life on from 10 p.m. to 10 a.m.) and were fed Altromin 1324FF (Altromin, Lage, Germany). After 1 week of adaptation, animals were treated with NNM Technologies, Paisley, UK). Medium for plating and culture was Williams' medium E (WE; Seromed, Vienna, Austria). Both media types were supple-(Serva, Heidelberg, Germany); immediately before applicaton, NNM was dissolved in phosphate-buffered saline (PBS; pH 7.4) and was given as a mented with 20 mM HEPES, 10 µg/ml gentamycin, 6.7 nM insulin, 0.7 nM glucagon, 10 nM triiodothyronine, 100 nM dexamethasone, 150 µM ascorbic single dose of 250 mg NNM/10 ml solution/kg body wt by gavage between 8 p.m. and 9 p.m. when the daily wave of hepatic DNA synthesis was at its acid, 1 mM pyruvate (all obtained from Merck).
Culture and treatment. Petri dishes (3.5 cm diameter; NUNC, Roskilde, peak (18).
Initiated rat hepatocytes in primary culture
Denmark) were coated with diluted collagen (~0.1 mg/ml in distilled water), the G ϩ cells are still single and 62 Ϯ 27% derive from small that was prepared according to the method of Ehrmann and Gey (32) . Cells foci consisting of three cells on average.
were seeded at a density of 30 000 viable cells/cm 2 in 2 ml WE2 plus 10%
At later points of time some of the G ϩ cells disappeared fetal calf serum and were incubated at 37°C in an incubator with 5% CO 2 in most probably by apoptosis, as shown recently (36) ; as a air at 98% relative humidity. After an attachment period of 1 h, the monolayers were rinsed with WE2, refed with 1.5 ml of WE2 only and left for 2-3 h to consequence the percentage of G ϩ cells tended to decrease recover from the isolation stress. Media were changed again after 20 h and 
intact liver and in culture
The incidence of apoptosis of cultured G ϩ hepatocytes cannot yet be
In the intact liver of the donor rats at day 21 post-NNM It should be noted that the cytotoxic/necrogenic effects of A few days after treatment of rats with the initiating carcinogen NNM and the subsequent regeneration increase cell turnover NNM, G ϩ single cells and mini foci were detected in histoin the liver, which remains elevated for at least 1 month (37) . logical sections from the livers (Figure 1a) . The number of all This effect was also obvious in the present study at day 21 G ϩ cells appearing as single cells or as mini foci was registered in vivo and probably continued in culture. As a result, the and calculated per cm 2 of evaluated tissue section. These twofrequency of G -cells undergoing DNA replication was higher dimensional data were transformed into the third dimension than usually observed in primary hepatocyte cultures isolated and served to determine the actual size distribution of foci as from rats without NNM pre-treatment (33) . well as the 'true' percentage of G ϩ cells (per 100 hepatocytes)
Effect of the hepatomitogens PB and CPA on DNA synthesis according to the method of deGunst and Luebeck (35). Between in G -and G ϩ hepatocytes in culture days 21 and 26 after treatment there is the maximal occurrence of G ϩ hepatocytes with a range of 0.13-3.35% (Figure 2) .
Next we investigated whether G ϩ hepatocytes in culture show an over-response towards growth stimuli as known from animal Size distribution in 3D reveals that at day 21, 38 Ϯ 15% of intact liver and after 48 h in culture. Thirteen independent cell culture hepatocytes) until day 91 after NNM treatment. Each point gives individual experiments from 13 donor livers were subjected to linear regression data from one rat; black line indicates the means.
analysis: solid line, regression line; dotted lines, 95% CI, r 2 ϭ 0.8738 (significant for P Ͻ 0.0001).
experiments with large G ϩ preneoplastic foci (14,38). We chose two compounds with presumably different modes of action. In vivo, PB is considerably less effective than CPA as LI in both populations~2-fold ( Figure 5 ). Every fifth G ϩ cell was stimulated to DNA replication by CPA, while only every a hepatomitogen, and exerts its effect on foci growth mostly via suppression of apoptosis (14,16). In culture, a relatively tenth G -cell was recruited to the pool of replicating Ghepatocytes. As a result, DNA replication in G ϩ cells was high concentration of PB in the medium for 48 h induced an insignificant increase in DNA replication in the G -and G ϩ elevated to~40% indicating a preferential response of cultivated G ϩ cells towards the hepatomitogen. cells (Figure 5) . In contrast, 48 h of CPA treatment raised the imal at 3 ng TGF-β1/ml medium and at the 24 h time point (Figure 6 ). DNA synthesis inhibition showed a somewhat left the pool of cycling hepatocytes. These data suggest that different time and dose response, being maximal for G -and the G ϩ cells show higher sensitivity to TGF-β1 than G -cells. . After 48 h with 3 and 10 ng/ml the relative inhibition of G -and G ϩ hepatocytes in culture DNA synthesis in the G ϩ hepatocytes was more pronounced than in the G -hepatocytes (Figure 8 ), e.g. at the higher TGF-β1 is known to stop the cell cycle in late G 1 (39). Treatment with CPA pushes a great proportion of the G ϩ concentration of the cytokine 6% of G -but 16% of G ϩ cells our analysis. Previous studies used cells deriving from further advanced (pre)neoplasia that were often separated from normal liver cells by using differences in size and/or surface properties, such as receptors or membrane enzyme patterns. Due to heterogeneity in these properties it seems likely that only subpopulations of (pre)neoplastic cells were cultivated (24) (25) (26) 41) .
For the analysis of initiated cells we decided on primary hepatocyte cultures of G -cells together with G ϩ cells. This co-cultivation allows for immediate comparison of the two cell populations under identical conditions, a major advantage when differences are expected to be subtle. Supplements to the media and their concentrations were as close to the in vivo situation as possible (31) . Then, hepatocytes in primary culture are known to retain their specific phenotype and metabolic competence for several days (31, 42, 43) . Non-specific induction of the placental GST and other signs of de-differentiation did not appear for the first 3 days.
Secondly, we found recently that in the intact liver G ϩ single cells exhibit a low propensity to proliferate but that G ϩ lesions, consisting of at least two cells, show rates of DNA replication and of apoptosis~4-fold higher than unaltered hepatocytes (36) . When combining the data of single cells and mini lesions, as done in the present study, G ϩ hepatocytes altogether exhibit in vivo 2-fold elevated rates of cell replication and of cell death by apoptosis. In the course of hepatocarcinogenesis the defect in growth control increases further to 5-10-fold elevated levels over normal (17).
When cultured, the population of G ϩ cells retained the investigations we found that considerably more G ϩ cells synthesize transforming growth factor α than G -cells, which hepatocytes into DNA replication. Thus, we investigated provides a reasonable explanation for this intrinsic growth whether a combined treatment modulates the effect of TGFadvantage (B.Grasl-Kraupp, K.Hufnagl, E.Schausberger, β1 on the G ϩ cells: 10 ng/ml TGF-β1 suppressed CPA-induced W.Parzefall, A.Löw-Baselli, R.Schulte-Hermann, manuscript in DNA replication relatively more in G ϩ cells than in G -cells preparation). (Figure 8) ; the decreases were -93% for G ϩ cells and -65%
Thirdly, treatment of cultures with 1 mM PB caused insigfor G -cells. Thus, in G ϩ cells the effects of TGF-β1 were nificant stimulation of DNA synthesis to an approximately predominant. similar extent in both G -and G ϩ cells. The results obtained are consistent with previous studies in which slight stimulation Discussion of DNA replication occurred at 1.5 mM and pronounced mitoinhibition at 3 mM (44) . Also, in the intact liver of the The present paper describes a novel ex vivo culture system which allows the study of putatively initiated cells at very rat strain currently used the effect of PB on DNA replication is marginal. early stages of cancer development:~40% were still at the single cell stage and 60% were arranged within mini-clones Unlike PB, CPA is a potent hepatomitogen in rats; it exerts strong tumor promoting effects leading to tumor formation consisting of three cells on average. In culture, G ϩ hepatocytes show a higher basal rate of DNA replication than unaltered due to pronounced stimulation of replication and suppression of apoptosis preferentially in liver (pre)neoplasia (16, 38) . In G -hepatocytes and a preferential response towards known growth stimulators or suppressors. These characteristics closely culture, G ϩ cells were much more stimulated to DNA replication by CPA than G -cells. As a result,~38% of G ϩ cells were reflect those described before for G ϩ cells in the intact liver in vivo. Thus, the population of G ϩ cells meets the current cycling which appears remarkably high for non-synchronized primary hepatocyte cultures. Thus, we could show that also in conception of initiated cells, i.e. a defect in growth control from the very beginning of carcinogenesis onwards. These culture the propensity towards increased replication causes a preferential response of G ϩ cells to certain growth stimuli. findings suggest several conclusions.
Firstly, it has been shown that placental GST is expressed Similar observations were reported for cultured hepatocytes from rats that had been treated with diethylnitrosamine and with in~60-80% of all putatively initiated/(pre)neoplastic cells (13,40). Since we were able to transfer G ϩ cells to culture PB; cells from further advanced preneoplasia were identified in culture by staining for γ-glutamyltranspeptidase, which detects without any selective loss or enrichment, it may be deduced that~60-80% of all subtypes of initiated cells were subject to only a subfraction of preneoplastic cells and additionally some unaltered cells. With CPA treatment, DNA synthesis in within the training program of the 'Hochschullehrgang für γ-glutamyltranspeptidase-positive hepatocytes was stimulated Toxikologie' at the University of Vienna. This study was also to a higher extent than in enzyme-negative hepatocytes (27) .
supported by 'Herzfeldersche Familienstiftung'. Fourthly, TGF-β1 is one of the strongest growth suppressors and apoptosis inducers for hepatocytes in vivo and in culture References (34, 45, 46 towards growth inhibition by TGF-β1.
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